Introduction
Sodium and potassium analyses have been inextricably linked from the early methods of precipitation and then colorimetry. with zinc uranyl acetate'"? and cobabtimtrite': 6-ll respectively, to flame photometry,l}-14 and the use of ion-selective electrodes (ISE). [15] [16] [17] [18] [19] [20] Colorimetric methods were labour intensive and time consuming taking up to several hours to complete. It was with the advent of emission flame photometry that the high throughput and work load, which is a phenomenon of the present-day clinical chemistry laboratory, became possible. Until the introduction of the ISE into routine laboratories, only one method in principle was used for sodium and potassium assay, and so the between-laboratory variation was a reflection of individual control of performance by each laboratory. The introduction of the ISE has revealed method-dependent differences in quantitative analytical results which for some samples may be clinically significant.
This paper was prepared at the invitation of the Instrumentation and Data Processing Sub-Committee of the Scientific Committee of the Association of Clinical Biochemists but does not necessarily reflect the views of the Scientific Committee.
In order to understand this fully, it is necessary to consider briefly the theoretical aspects of electrolyte solutions and the principles of electrochemistry and flame photometry. The thermodynamic treatment of solutions is most easily understood by considering the behaviour of ideal gases.
The volume (V) of an ideal gas may be expressed as the rate of change of free energy (G) with pressure (P) at constant temperature the mole fraction of that component within the system, and so I.l.oC.<) is a constant for the given substance independent of T and P.
In a non-ideal solution x is modified by a factor y, the activity coefficient. Thus equation (2) becomes is not the case in non-ideal gases or solutions. If equation (1) is applied to one constituent of a system, the free energy G becomes the partial molar free energy for which the symbol 1. 1. is used. In an ideal solution where a liquid and its vapour are in equilibrium, the chemical potential of any given component is expressed in terms of its partial pressure (P). Equation (1) now becomes By comparing equations (3) and (4) it is seen that (4) is a special application of the general equation (3) . In other words the determination of the amount of a given ion in a solution using its ion specific electrode is a determination of its activity not its concentration. The activity measurement is synonymous with concentration only at infinite dilution.
In emission flame photometry atoms are excited to an energy level above their ground state by the flame. On returning to this state the energy is released as radiation at a frequency characteristic of that element. The intensity of the emitted radiation is related to the number of excited atoms which, in turn, is related to the total number of atoms ie, to their concentration (and not their activity).
Radiation and concentration are related according to the Scheibe-Lomakin equation.f l=radiation flux density; c=concentration; a and b are constants.
(2) I.I.=RTlog.,x + I.l.oC.<)
The product yx is referred to as A, the activity, so that now
The nearer a non-ideal solution becomes to ideal, the closer its activity coefficient approaches unity. Thus as 1, A--+x, until in an ideal solution A=x.
ie activity and concentration are numerically one and the same. This situation is only achieved in a non-ideal solution at infinite dilution. In other words, the activity coefficient of a solution is unity at infinite dilution.
If we now turn to the theory of the measurement of electrolytes by ISE we see that the electrical potential (E) measured in a solution is related to the activity (A) of the electrolyte according to equation (4) . The derivation of this equation has already been demonstrated."
Eo= specific electrode potential; n=ionic charge; F=the Faraday.
The constant b is usually in the range 0·5-1·0; its exact value being affected by the amount of self absorption of radiation by other atoms in the ground state, the efficiency of evaporation of the sample in the flame, and the degree of elemental ionization. In a well-designed instrument, purpose built to cover a discrete defined range, b approaches unity, or may be electronically compensated to do. Consequently in a modern sodium and potassium flame photometer the intensity of colour developed in the flame is proportional to the concentration of electrolyte in the solution.
Not only is there a difference in the physical principle of measurement between flame photometry and ISEs but also a theoretical difference in the concept of what is being measured. The molar concentration of a substance is determined by flame photometry, but its activity is determined by the ISE.
The difference has been demonstrated theoretically, and it would now be helpful to demonstrate what this means in a physical sense. Let us consider an aqueous solution of sodium chloride. The concentration of sodium in the solution is a measure of the total number of sodium atoms or ions in a given unit volume of the solution, while the activity is a measure of the number of particles acting truly and uninhibitedly as Na ", A 100 mrnol/L solution will be almost completely dissociated into Na+ and Cl " because NaCI is a strongly electrolytic substance. However, because of the relatively close proximity of the ions at this concentration an ionic interaction exists. That is to say Na+ is not exerting its full ionic influence and consequently there is a significant difference between concentration and activity. This difference is sometimes referred to as the electrochemical effect. In a 100 !J.moVL solution the ions are much further apart and therefore exert a greater ionic effect, the activity coefficient is closer to unity, and concentration and activity are closer to each other.
A less strongly electrolytic substance would not be completely dissociated and consequently the difference between activity and concentration would be even greater. Thus, although the activity coefficient for Na+ in aqueous solution at concentrations found in serum is significantly less than unity, it is closer to it than would be the case for most other solutes with low molecular weight. The activity coefficient for K+ is closer to unity than for Na+ because its serum concentration is lower.
The situation in plasma is more complicated than that of the simple solution described above due to the presence of other molecular species which may affect the measured activity. This arises in three different ways. Firstly, the presence of one molecular species may affect the ionisation or activity of another. For example, phosphate and calcium suppress their ionisation due to their low solubility product. The high electropositive nature of sodium and potassium makes appreciable depression of their ionisation unlikely for this reason. However, the formation of sodium and potassium complexes with bicarbonate in plasma has been postulated.P although this is by no means proven and is disputed by some workers.i" More important is the effect of the ionic strength of plasma. It has already been demonstrated that the activity of a species is affected by its own ionic strength. In addition to this, the presence of other ionic species has a contributory effect on reducing activity.
Secondly, low molecular-weight species may complex with macromolecules. This is well known with other ions and small molecules such as calcium, iron, copper, bilirubin etc, but is less well established with sodium or potassium, although the existence of a sodium-binding polypeptide has been described. 25 , 26 This contribution appears to be insigniticanr" as it has .been shown that the total protein-bound sodium in serum is 1% or less. 28 Both of these phenomena would have the effect of reducing activity compared to concentration.
Thirdly, the most significant effect is that due to the presence of a non-aqueous compartment in the serum matrix. The lipid component of serum is lyophobic and must be thought of as occupying a proportion of the total serum volume which is not accessible to the highly electrolytic components such as sodium and potassium. Similarly, protein being colloidal occupies a volume which is also not accessible to low molecular-weight species (unless they are bound to the protein). In other words, the volume occupied by sodium and potassium ions is less than the total volume of the serum. This is often referred to as the 'plasma water'. The result of this effect is to increase the apparent activity of the ions in the plasma above that which would be found if the total volume was available for ionic solution. Consequently measurements made by flame photometry would be expected to be lower than those activity measurements made by direct a reading ISE,* which proves to be the case. 29 Shyr and Young'? added Iyophilised ion-free bovine serum to aqueous solutions of NaCI and KCI, and found a marked reduction in measurement of both cations by flame photometry compared with direct-reading ISE as the protein concentration increased ( Fig. 1 ).
Significance of the ,difference between name photometry and direct-reading ISE measurement
It is now clear that there is an analytical difference between the measurement of activity and concentration of sodium and potassium. In order to determine whether this has any clinical significance three points must be considered:
(i) whether it is physiologically desirable to measure activity or concentration;
(ii) whether the difference is more than just one of statistical significance;
(iii) to define the pathological conditions (if any) in which the difference is of clinical significance.
(i). The measurement of most low molecularweight components of plasma including sodium and potassium is carried out as an indirect assessment of the intracellular state or the state of flux between extra-and intracellular com-• A direct reading ISE is one where the sample is measured directly without dilution, whereas in an indirect reading instrument the sample is diluted prior to measurement. partments. All thermodynamic processes take place at a rate determined by the activities of the components involved, and those of the human body are no exception. It is reasonable therefore, to suppose that the membrane transport of ions between cells and serum is determined by the ratio of extra-and intracellular activities. Similarly the hormonal control of these and other processes is determined by activity. Thus, it would seem to be physiologically desirable to determine activity not concentration, although this has not been conclusively proven.
(ii). The significance of the difference between concentration and activity for an analyte is dependent upon the relative magnitude of this difference compared to the range of the reference interval. Table 1 lists the variation of the reference interval expressed as a percentage of the mid-point of the reference range for a number of low molecular-weight analytes. From this it can be seen that the variation for sodium is significantly lower than most. Thus, a change in the relative size of the water compartment (J serum due to an increase in the lipid or "Based on reference data used at King's Mill Hospital. tVariation is calculated by expressing the reference interval as a percentage of the mid-point of the reference range. Thus, for sodium variation =~Xl()()=lI%.
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:j:These data refer to total serum calcium, not ionic calcium measured by ISE. protein components will affect sodium more than most other analytes, including potassium. This has been demonstrated by a number of studies which compared sodium and potassium measurements made by direct reading ISE and flame photometry. 29, 31 It is more likely therefore that clinically significant differences in sodium measurement will occur, than in potassium. By using a theoretical correction procedure" it is possible to predict how a sodium concentration measured by flame photometry would vary as the lipid and protein concentrations of the plasma change. A demonstration of how a serum sodium concentration of 135 mrnol/L at a protein concentration of 70 g/L and a lipid concentration of 5 gIL will alter as the quantity of protein and lipid change is presented in Table 2 . In practice there will be variations from this theoretical model which assumes that the volume occupied by protein and lipid is independent of the ratio of the constituents of these components which is not the case. The activity will be unaffected and so in theory will the measurement made by directreading ISE.
(iii). The measurement of spuriously low plasma sodium levels by flame photometry has been known for some time and is well 134 133 132 131 130 129 128 127 126 125 124 123 122 121 121  55  135 134 133 132 131 130 129 128 127 126 125 124 123 122 121  50  136 135 134 133 132 131 130 129 128 127 126 125 124 123 122  45  136 135 134 133 132 131 130 129 128 127 126 125 124 123 123  40  137 136 135 134 133 132 131 130 129 128 127 126 125 124 123  35 138 137 documented in cases of myeloma 3 1--35 and hyperlipaemia.Pv" When the 'true sodium concentration' is determined by theoretical calculations of the water compartment volume using procedures similar to that described by Waugh,32 or experimentally by re-assay after removal of the protein or lipid fraction, the difference may be clinically very significant which is borne out by the data in Table 2 . The realisation of this discrepancy has led to the term 'pseudohyponatraemia' to describe such conditions. However, it is only with the advent of the direct reading ISE that it has been possible to measure serum sodium activity on a routine basis and consequently make a correct TABLE 3 . Some examples of pseudohyponatraemia assessment of sodium status. N , ao When these data are compared to those obtained by flame photometry, it is apparent that some hyperlipaemic and hyperproteinemic patients would be grossly mismanaged on the basis of the latter determination ( Table 3) .
Role of the direct-reading ISE analyser
The case is now made for the need to be able to measure plasma sodium activity for the correct management of electrolyte balance in patients with significantly raised plasma protein or lipid concentrations. reading instrument ie, one with a significant sample dilution step, dilutes the effect of the lipid or protein present by reducing its relative compartment size and consequently gives a result similar to that of the flame photometer. This phenomenon is sometimes referred to as the dilution effect.
To date instrument manufacturers and clinical chemists have tried to avoid the issue of the difference between direct-reading ISE equipment and flame photometers; the one by designing instruments which produce results compatible with those of flame photometers either by using indirect measurement systems or by mathematical manipulation using conversion factors; the other by continuing to purchase flame photometers or indirect reading ISE systems. Manufacturers must be discouraged from the use of conversion factors firstly because it results in the reporting of data which are analytically incorrect, and secondly because the conversion factor can only be a mean value and so there will still be discrepancies in cases of significant pseudohyponatraemia. Laboratory and clinical staff must be educated in the difference between activity and concentration measurement, and understand when an activity measurement is required for correct patient management. It is envisaged that most laboratories will continue to carry out the majority of their work on a flame photometer or an indirect-reading ISE system in the immediate future as these generally have a higher work capacity, but that a direct ISE would be available as a back-up instrument to be used in those clinical situations where the other methods are misleading. It is hoped that as the case for the need to use a direct-reading ISE is realised and accepted that high capacity instruments will become available. Meanwhile the magnitude of the problem must be kept in proportion by remembering that for the majority of patients plasma sodium activity and concentration measurements correlate well, and only in a very few cases is the difference clinically significant. Clinicians must be made fully aware of the situations under which estimation by direct ISE is necessary so that an impossible burden is not put on to a low capacity instrument when it is not justified.
The author is not aware of any clinical situations where it is necessary to determine potassium by a direct-reading ISE, but it is probably correct to assume that sodium and potassium will continue to be measured synergistir-illy for reasons of convenience.
Calibration of direct-reading ion-selective electrode systems
It has been argued that any significant difference between activity and concentration in serum results solely from the volume occupied by protein and lipid. It is true to say that this is the factor which causes significant variation in this difference, but there is also a significant difference in their actual value due to ionic interaction. Activity coefficients derived from EMF measurements may be found in most standard physical chemistry textbooks. For example, for pure solutions of 100 mmolfL sodium chloride and 5 mmolfL potassium chloride at 25°C, 0.778 41 -43 and 0.926 41 • 44 respectively are typical. These figures would be even lower in plasma due to its ionic strength indeed, theoretical calculations by Czaban, Cormier and Legg 45 suggest that the activity coefficient for 5 mmolfL K+ in plasma would be as low at 0.709. 45 It is clear, therefore, that if true activity data were measured, reference ranges would be significantly different from those currently used which are based on experience with flame photometry. Such a change might be pleasing to the physical chemist but it would not be acceptable to the clinician. The most practical solution is to assume that ionic interaction does not vary significantly between samples and calibrants thus avoiding the need to readjust reference intervals. This is a reasonable assumption if the ionic strength of the calibrant is comparable to that of plasma. To do otherwise would mean that those laboratories which have a dual system would require two different reference intervals. As a compromise, activity is converted to concentration and used as the calibrating datum. This is the approach used at the present time, with different instruments being calibrated with different materials which are supplied or recommended by the manufacturers.
Despite such attempts at unification there are variations due to the constitution of calibrants. The nature of the concept of activity results in different values quoted for given electrolyte concentrations according to the method of derivation.i'<" The desi~n of the equipment may also have an effect 7 as will differences between liquid-junction potentials in different instrumentsY Some of these differences may, and should, be accounted for in the value of Eo in equation (4) . As a result of such difficulties there is a case for an international agreement on calibrating material. This should be an 1).:'. aqueous standard which would remove any differences due to variation in 'plasma water' volume and it should be prepared at a convenient, defined concentration, ego 140 mmol/L for sodium and 4 mmol/L for potassium at a similarly defined total ionic strength, say 168 mmol/L. 45 Specification for purity of solute and solvent should be made, and a recommendation for the preparation of the solute prior to weighing (ie, ensuring that it is in a completely dry state). Its activity must be known and quoted, but its mass expressed as concentration used as the calibrating datum. In this way complete compatibility should be obtained between ISE analysers within the precision on their performance.
Conclusions
There are significant differences in the analytical results obtained by measuring serum or plasma sodium and potassium concentrations by flame photometry and direct-reading ISE. In some cases these differences are of clinical significance. Specialised units outside clinical chemistry laboratories such as intensive care and cardiac units which purchase their own electrolyte measuring equipment favour direct-reading ISE instruments while routine laboratories prefer flame photometers or indirect-reading ISE instruments. For these reasons clinicians as well as clinical chemists need to understand the causes of these differences.
The main points may be summarised thus:
(1) There is a significant difference between activity and concentration.
(2) Clinically, these differences in plasma may be regarded as solely due to the plasma volume occupied by protein and lipid.
(3) These differences are only of clinical significance in a few patients where there are gross changes in serum protein and lipid concentrations, eg, diabetes, familial hyperlipoproteinemia, myeloma, intravenous nutrition, etc.
(4) It is believed that the management of patients should be based on measurement of activity and not concentration, and so access to a direct-reading ISE is desirable.
(5) Results from direct-reading ISE instruments should not be 'adjusted' to coincide with flame photometer data. Manufacturers and users should agree on a calibrating protocol.
